Abstract Rabbits fed low-fat, cholesterol-free diets containing casein as the sole protein source develop endogenous hypercholesterolemia (EH). To test the hypothesis that lipoprotein cholesteryl esters in EH rabbits are acyl coenzyme A:cholesterol acyltransferase (ACAT) derived, we treated EH rabbits with CI-976, a potent and selective ACAT inhibitor. In addition, since cholesterol and bile acid synthesis as well as low-density lipoprotein (LDL) receptor activity are reduced in EH rabbits, we determined whether changes in gene expression for 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, 7a-hydroxylase, and the LDL receptor might be associated with the efficacy due to ACAT inhibition. Compared with EH controls, CI-976-treated rabbits (50 mg/kg per day for 5 weeks) had decreased plasma total cholesterol (-43%), very-low-density lipoprotein (VLDL) cholesterol (-62%), LDL cholesterol (-43%), plasma apolipoprotein B (-23%), liver cholesteryl esters (-39%), LDL size, VLDL and LDL cholesteryl ester content (percent of total lipids), cholesteryl oleate/cholesteryl linoleate ratios in VLDL and LDL (25% to 30%), and ex vivo liver ACAT activity. The trigryceride/cholesteryi ester ratio increased twofold to fourfold in these apolipoprotein B-containing lipoproteins. Endogenous cholesterol absorption appeared to be unaffected by drug treatment Cl-976 failed to alter specific A endogenous hypercholesterolemia (EH) can be produced experimentally in rabbits by feeding a cholesterol-free, purified diet containing casein as the sole protein source.
A endogenous hypercholesterolemia (EH) can be produced experimentally in rabbits by feeding a cholesterol-free, purified diet containing casein as the sole protein source.
1 ' 3 Unlike cholesterol-fed rabbits or Watanabe heritable hyperlipidemic rabbits, there is a selective increase in the cholesterol concentration of lowdensity lipoprotein (LDL) in the EH rabbit and no change in plasma trigh/cerides. Therefore, the plasma lipid and lipoprotein profile of the EH rabbit phenotypicalry resembles human type Ha hyperlipoproteinemia/ Although a reduction in receptor-mediated catabolism of LDL is thought to be responsible in part for the EH condition in rabbits, 57 increased LDL production may also contribute. Perfused livers from EH rabbits secrete an hepatic mRNAs involved in cholesterol metabolism, but comparisons among dietary control groups revealed a marked reduction in 7o-hydroxylase mRNA no change in LDL receptor mRNA and an increase in HMG-CoA reductase mRNA in EH rabbits compared with normal chow-fed controls. In cholesterol-fed rabbits (exogenous hypercholesterolemia) mRNA levels for all three proteins were lower than in chow-fed rabbits, especially that for HMG-CoA reductase. We conclude that (1) EH is due to the combined effects of hepatic hypersecretion of ACAT-derived lipoproteins and the relative absence of 7a-hydroxylase gene expression; (2) ACAT inhibition in this animal model results in a population of LDL particles that are fewer in number and smaller than those found in EH controls; and (3) increased number of cholesteryl ester-rich very-low-density lipoprotein (VLDL) particles. 8 Evidence for the direct secretion of intermediate-density lipoprotein and LDL that contains more cholesteryl ester has also been presented. 8 Since the cholesteryl oleate/linoleate ratio in these apolipoprotein (apo) B-containing particles is elevated, these cholesteryl esters may be derived from hepatic acyl coenzyme A:cholesterol acyltransferase (ACAT). 8 The present experiments were designed to test this possibility by comparing control EH rabbits with EH rabbits treated with the potent, selective ACAT inhibitor CI-976.
9
- 11 In addition, since LDL receptor activity, bile acid synthesis, and cholesterol synthesis are lower in EH rabbits than in chow-fed rabbits or rabbits fed soy protein, 3 -5 -7 we determined drug-related changes in mRNA levels for LDL receptor, 7o-hydroxylase, and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase in EH rabbits and compared them with those in chow-fed rabbits and in rabbits with exogenous hypercholesterolemia (ie, cholesterol-fed rabbits).
Methods

Animals and Diets
Male New Zealand White rabbits weighing approximately 1.5 kg on arrival were randomly assigned to control and drug-treated groups. They were meal-fed the diets described in Table 1 (50 to 70 g/d, 8 AM to 12 PM daily for 5 to 6 weeks; Research Diets, Inc). Under these conditions the animals consuming the CI-976 diet received a dose of approximately 50 mg/kg per day. In a separate experiment, groups of rabbits were also fed normal chow or chow supplemented with 0.5% cholesterol, 3% peanut oil, and 3% coconut oil for 8 weeks 12 to serve as dietary controls. Animals were killed in the nonfasted state by carbon dioxide inhalation, and blood was taken by heart puncture and placed in tubes containing EDTA. In selected experiments livers were also removed for lipid and mRNA determinations.
Measurements of Lipids, Lipoproteins, and ApoB
Plasma cholesterol 13 and triglycerides 14 were measured enzymatically by using an Abbott VP Series II Bichromatic Analyzer with Boehringer Mannheim reagents. Cholesterol distribution among lipoproteins was determined by high-performance gel chroraatography as described 15 except that the Beckman System GOLD was used. 16 In addition, VLDL and LDL were isolated by density gradient ultracentrifugation 17 to quantify lipoprotein cholesteryl oleate/cholesteryl linoleale ratios by high-performance liquid chromatography 18 and to determine the lipid composition of lipoproteins by using a semiautomated microtiter plate system 19 and commercial reagents. Liver total and free cholesterol concentrations were determined in isopropanol extracts as described. 12 Wholeplasma apoB concentrations were determined by rocket immunoelectrophoresis 20 as described for rat apoB. 24 Moreover, if such losses did occur there is no reason to suspect that they would be different in the two treatment groups, ie, the assumption is made that CI-976 itself does not contribute to degradative loss of neutral sterols.
RNA Analysis
At the time of death liver tissue was removed and immediately frozen in liquid nitrogen. Total RNA was isolated from these tissues as described, 25 -26 and the concentration was determined by absorbance at 260 nm; the 260 nm/280 nm ratio of all samples was 1.9 to 2.0. To measure mRNA levels for LDL receptor, 7a-hydroxylase, and HMG-CoA reductase, rabbit-specific cDNAs for each gene were isolated by using the polymerase chain reaction. 26 These cDNAs served as templates to synthesize antisense RNA probes that were then used in an RNAse protection assay. This solution-based assay, described in detail elsewhere, 25 -26 uses standard RNA that allows relatively precise quantification of specific gene transcripts. To quantify specific mRNA levels for the genes of interest, 50 /ig total liver RNA and 10 to 20 pg internal standard were used in each hybridization reaction.
Results
Body weight gain did not differ between treatment groups in the first experiment (19.5 ±5.6% for controls and 27.8±4.7% for the CI-976 group) (Tables 2 and 3 and Figs  1 and 2) or in subsequently repeated experiments in which mRNAs (Table 4) , cholesterol absorption (Fig 3) , or other parameters were determined. Liver wet weights were 62.76±3.19 g for controls and 59.46±4.25 g for the CI-976 group ( -5 % ; not significant). CI-976 significantly lowered plasma cholesterol (-43%) and apoB (-23%) concentrations without changing plasma trigrycerides (Table 2) . Liver total cholesterol was reduced in the drug-treated group (-18%) because of changes in both cholesteryl esters (-39%) and free cholesterol (-13%), but the latter was only marginally significant (P<.1; Table 2 ).
The average high-performance gel chromatography profiles of plasma lipoproteins for the two treatment groups are depicted in Fig 1, and the mean absolute values for both groups are shown in Fig 2. In control EH rabbits the majority of the cholesterol (86%) was transported in particles that were comparable in size to human LDL. Very few VLDL-sized (8%) or HDL- glyceride) lipid mass ratio was significantly higher in the LDL from CI-976-treated rabbits (0.741 ±0.021 in controls versus 0.801 ±0.012 in the CI-976 group, .P=.O275), again suggesting that the LDL in the drug-treated group was, on average, smaller than in control rabbits. This estimate assumes an equal amount of protein (apoB) per LDL particle. Due in part to a significant decrease in the amount of VLDL free cholesterol, the surface/ core lipid mass ratios for VLDL were also different between treatment groups, but in the opposite direction (0.430±0.021 in controls versus 0.367±0.016 in CI-976-treated rabbits, P=.O325). Since the assumption cannot be made that the percentage of protein was similar in the VLDL particles from these groups, statements regarding the size of VLDL cannot be made on this basis. However, if the sizes of the lipoproteins are estimated from the volume percentage of the major nonpolar lipid components as described by Havel et al, 27 then the VLDL does appear to be larger and the LDL smaller in drug-treated EH rabbits (Table 3) . These size estimates for LDL were confirmed in a separate experiment by using nondenaturing gradient gel electrophoresis (2% to 16% gels Cholesterol absorption was estimated by administering ['Hjcholesterol orally and analyzing the fecal excretion of 3 H radioactivity in NSL as a function of time. Plasma cholesterol concentrations averaged 273 mg/dL in controls and 119 mg/dL in the CI-976 group (-56%) in this repeated experiment. There was significantly more fHNSL in the feces of drug-treated animals at days 5 and 6 but not at other time points (Fig 3) . Total areas under the curves were not significantly different between groups (22.06±1.73 for controls versus 25.52±2.25 for CI-976-treated rabbits, P=.2ST).
The mRNA levels for LDL receptor, 7a-hydroxylase, and HMG-CoA reductase were determined in EH rabbits with and without CI-976 treatment, and these values were compared for reference with those of chow-fed rabbits and cholesterol-fed rabbits (exogenous hypercholesterolemia) (Table 4 ). In this repeated experiment the plasma cholesterol concentrations were 443, 226, 64, and 613 mg/dL for the EH control, CI-976-treated EH, chow-fed, and cholesterol-fed groups, respectively. The percentages of cholesterol transported in LDL were 86%, 85%, 35%, and 56%, respectively. CI-976 had no significant effects on the levels of these specific hepatic mRNAs in EH rabbits. However, significant diet-related differences were noted among the other treatment groups. Compared with normal chow-fed controls, in EH rabbits levels of LDL receptor mRNA were unchanged, 7a-hydroxylase mRNA was drastically reduced, and mRNA levels for HMG-CoA reductase were increased threefold. Cholesterol feeding, on the other hand, decreased LDL receptor mRNA (-44%), HMG-CoA reductase mRNA (more than -9 0 % ) , and 7a-hydroxylase mRNA (-58%) compared with chow-fed controls. The latter was significant only at the P<A level owing to the inclusion of one chow-fed rabbit with uridetectable mRNA for 7a-hydroxylase. If this animal is omitted from the chow group, the decrease in 7o-hydroxylase mRNA (-65%) becomes more significant (4.14±0.89 pgjfig total mRNA for chow-fed versus 1.45 ±0.62 pg/fig total mRNA for cholesterol-fed, i>=.0381). This outlier had a typical plasma cholesterol level for a chow-fed rabbit (43 mg/dL), and its mRNAs for the other proteins were close to the mean. It is clear from these data that EH rabbits had a markedly different mRNA profile than exogenous hypercholesterolemic rabbits.
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Discussion
Etiology of the EH Condition
A major conclusion from the present study relates to the etiology of the hypercholesterolemia in EH rabbits. Cholesterol and bile acid synthesis as well as fecal neutral steroid and bile acid excretion are reduced in EH rabbits compared with chow-fed controls. 3 - 32 In addition, Chao et al 5 -6 reported that LDL receptor activity is markedly decreased in liver membranes from EH rabbits compared with those from chow-fed rabbits and that this results in decreased in vivo catabolism of LDL. Khosla et al 7 have definitively shown that casein is the dietary component responsible for the decreased fractional catabolic rate of LDL in EH rabbits by comparing casein-fed with soy-fed animals. However, the production rate of LDL apoB is also increased 2.5-fold. 7 This latter observation is consistent with earlier work showing that perfused livers from EH rabbits secrete more apoB-containing particles. 8 The fact that the perfusate lipoproteins were enriched in cholesteryl oleate, the major ACAT product, suggests that they were ACAT derived.
The present results with the specific ACAT inhibitor CI-976 provide further evidence that the livers from EH rabbits secrete increased amounts of ACAT-derived cholesteryl esters. CI-976 treatment lowered plasma cholesterol and liver cholesteryl ester concentrations. Moreover, the cholesteryl oleate/cholesteryl linoleate ratios in both VLDL and LDL were decreased by drug treatment, and ex vivo liver ACAT activity was inhibited (see below). Taken together, available data now suggest that the increase in the absorption of endogenous cholesterol and bile acids that occurs in EH rabbits 3 -32 results in an increase in liver cholesterol 33 that leads to inhibition of de novo cholesterol synthesis, 3 downregulation of LDL receptor activity, 5 -7 and an increase in ACAT substrate. The increase in bile acid absorption causes feedback inhibition of bile acid synthesis in the liver and contributes to the elevation of hepatic cholesterol. The majority of the accumulated free cholesterol is esterified by ACAT, since dietary proteins do not influence the biliary secretion of cholesterol or bile acids. 34 Although difficult to quantify precisely, these liver cholesteryl esters appear to be a major source of the cholesteryl esters in plasma apoB-containing lipoproteins (VLDL, intermediate-density lipoprotein, and LDL; see Reference 8) in EH rabbits. The critical role of ACAT in this sequence of events is further illustrated with CI-976 as a pharmacological tool and can be readily incorporated into comprehensive descriptions of this animal model.
-35
Intestinal Versus liver ACAT in EH Rabbits
Some experimental drugs (eg, surformer) lower LDL cholesterol substantially in animals fed cholesterol-free diets, 36 and CI-976 inhibits endogenous cholesterol absorption in the rat lymph fistula model. 11 The eflFect of CI-976 on cholesterol absorption in EH rabbits was therefore determined, since inhibition of intestinal ACAT could contribute to the efficacy observed in this study. CI-976 had no major effect on endogenous cholesterol absorption, as shown by higher excretion of orally administered radiolabeled cholesterol on only two separate days after dosing radiolabeled cholesterol and no change in the calculated areas under the curve. This small drug effect was noted after the bulk of the label had been excreted and probably represents [ 3 H]-cholesterol that had undergone at least one enterohepatic circulation. On the basis of these and other data (eg, 18:1/18:2 ratios in LDL cholesteryl ester and liver cholesteryl ester content), we favor the view that liver ACAT is the major drug target for CI-976 that is responsible for the efficacy in EH rabbits and that inhibition of the intestinal enzyme in these animals on a cholesterol-free diet does not contribute significantly to plasma cholesterol-lowering activity. This was recently confirmed in a separate experiment. ACAT activity measured exactly as described 11 was inhibited by 73% in livers from nonfasted EH rabbits treated with CI-976 (Anderson and Homan, unpublished data, 1993).
Efficacy of ACAT Inhibitors Compared With Other Agents
The current results illustrate that efficacy in terms of plasma cholesterol reduction due to ACAT inhibition is not limited to cholesterol-fed animal models. In other words, certain ACAT inhibitors, depending on the degree of hepatic drug exposure, drug metabolism, and/or drug selectivity, may lower plasma cholesterol and apoB by mechanisms other than inhibition of exogenous cholesterol absorption or hepatic esterification of diet-derived cholesterol. This has also been exemplified in hamsters, in which CI-976 significantly lowered VLDL cholesterol in animals fed a cholesterolfree, purified diet. 37 Interestingly, clofibrate 38 and other fibrates 4 do not lower plasma cholesterol in EH rabbits, whereas drugs that result in enhanced hepatic LDL receptor activity (eg, resins, HMG-CoA reductase inhibitors) are active.
-5
Specificity of CI-976
It is worth mentioning that CI-976 has thus far proven to be specific for ACAT with regard to lipid-regulating mechanisms. For example, it has no effect on the activities of HMG-CoA reductase, fatty acyl-CoA hydrolase, triglyceride synthetase, pancreatic cholesteryl ester hydrolase, lecithin:cholesterol acyltransferase, or acyl-CoA: monoglyceride acyltransferase.
10 -11 CI-976 also has no effect on LDL receptor activity in vitro (Bocan, Ferguson, Sekerke, and Krause, unpublished data, 1990) . As yet we have not determined whether CI-976 alters 7a-hydroxylase activity in vitro or in vivo, but a transient increase in biliary bile acid secretion is observed in cholesterol-fed rats treated with CI-976. 11 Therefore, we cannot rule out stimulation of this enzyme activity, directly or indirectly, as a possible mechanism in the present study, although it seems unlikely in view of the mRNA data (see below).
Association Between ACAT, ApoB, and LDL Size
With respect to efficacy in EH rabbits, it should also be noted that plasma apoB, presumably mostly apoB-100, was decreased by CI-976, as reported in cholesterol-fed and sucrose-fed rats. 11 Experiments in HepG2 cells have implicated ACAT as a possible regulator of apoB secretion, 39 and others have provided evidence that a reduction of cholesteryl esters may accelerate the intracellular degradation of apoB. 40 In addition, Carr and Rudel 41 have shown that CI-976 decreases cho-lesteryl ester and apoB output in perfused livers from African green monkeys, and hepatic ACAT activity is positively correlated with hepatic cholesteryl ester secretion, plasma LDL cholesteryl ester content, LDL size, and the extent of coronary atherosclerosis. 42 These changes are similar to our observations in EH rabbits (decreased LDL ester content, size, and hepatic ACAT activity), but it is not known whether any of these changes would influence the extent of lesion development in this LDL model. Taken together, the data suggest that ACAT inhibition in EH rabbits results in a population of LDL particles that are fewer in number and smaller than those from control animals, assuming one apoB per particle. These resultant LDL particles are also relatively cholesteryl ester poor and triglyceride rich. One tentative interpretation of these data is that ACAT inhibition decreased the production of the large, ester-rich LDL that was the result of the enhanced hepatic ACAT activity.
Hepatic mRNAs: CI-976-Treated EH Rabbits Versus Chow-and Cholesterol-Fed Rabbits
Since liver cholesterol concentration is elevated in EH rabbits compared with chow-fed or soy protein-fed rabbits, 3 - 33 and we have previously observed decreases in liver cholesterol with CI-976 in other animal mode ] s n,i238 w e examined possible drug-related changes in the expression of genes involved in lipid/lipoprotein metabolism, the activities of which are known to be sensitive to changes in cholesterol balance across the liver (ie, LDL receptor, 7a-hydroxylase, and HMG-CoA reductase). Moreover, the activities of these proteins are decreased in EH rabbits, LDL lowering due to CI-976 in EH rabbits occurred in the absence of any changes in these specific mRNAs. But since chow-fed and cholesterol-fed (exogenous hypercholesterolemia) groups were included for comparison, this experiment did reveal novel changes related to the type of diet. To our knowledge, there are no data available on the expression of these genes in EH rabbits. Three major observations are worth noting. Compared with chow-fed controls, LDL receptor mRNA levels were unchanged, 7a-hydroxylase mRNA levels were drastically reduced, and mRNA abundance for HMGCoA reductase was increased. From these data it appears that the mechanism for decreased LDL receptor activity in EH rabbits 3 -6 is not decreased gene transcription (assuming that degradation of the mRNA is unchanged). Moreover, the EH condition may be due in part to very low rates of 7a-hydroxylase gene expression. This may be secondary to the increased flux of bile acids to the liver in EH rabbits, 3 -32 since dietary cholate decreases 7a-hydroxylase mRNA in other species. 43 Finally, it is likely that HMG-CoA reductase activity is reduced in EH rabbits 3 -44 despite increased abundance of mRNA (Table 4) , providing further evidence for the multiple levels of regulation of this important ratelimiting enzyme. These changes in mRNAs in EH rabbits are distinctly different from those observed in cholesterol-fed rabbits (decrease in mRNAs for all three proteins), which in turn are different from those reported for cholesterol-fed rats; eg, there is little 43 or no 45 reduction in HMG-CoA reductase mRNA in cholesterol-fed rats, and 7a-hydroxylase mRNA is induced. 44 -4 * - 48 Thus, our results not only illustrate differences in gene expression between the endogenous and exogenous forms of hypercholesterolemia in rabbits, but they also imply fundamental species differences with regard to regulation of gene expression by dietary cholesterol.
In summary, the potent and selective ACAT inhibitor CI-976 is efficacious in a rabbit model of EH. The combined data are consistent with the hypothesis that efficacy is due to inhibition of liver ACAT and subsequent secretion of relatively cholesteryl ester-poor hepatic lipoproteins. Thus, the data lend further support to the suggestion 7 -8 that the hypercholesterolemia in EH rabbits is due in part to hepatic lipoprotein overproduction, and it broadens the current view regarding the types of experimental conditions in which certain ACAT inhibitors are efficacious. Finally, the hepatic mRNA profiles illustrate that marked changes in LDL cholesterol can be attained pharmacologically without altering the apparent rates of hepatic gene transcription for proteins currently thought to be important in lipoprotein and cholesterol metabolism (eg, LDL receptor, 7o-hydroxylase, and HMG-CoA reductase).
